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Abstract 


The  damage  thresholds  of  eight,  multiple  layer  dielectric,  95  percent 
reflecting  mirrors  have  been  measured  for  single  pulses  of  20  nsec  and  20  psec 
duration.  In  both  sets  of  measurements  the  pulse  energy,  an  oscilloscope  trace 
of  the  pulse,  and  the  beam's  transverse  energy  density  profile  at  the  surface 
being  damaged  are  recorded  for  each  shot.  The  variation  of  the  threshold  from 
mirror  to  mirror  and  as  a  function  of  pulse  duration,  beam  radius,  and  appear¬ 
ance  under  microscopic  examination  Is  discussed  In  the  context  of  possible 
damage  mechanisms. 
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Technical  Report  Summary 


Purpose  of  Project 


The  purpose  of  this  research  is  to  gain  an  understanding  of  the  processes  by 
which  laser  radiation  causes  damage  to  nominally  transparent  materials, 
especially  those  used  in  the  laser  themselves. 


Equipment  Development 


This  project  began  against  a  background  of  confusing  and  contradictory 
information  concerning  laser  induced  damage  to  transparent  dielectrics. 
Experimental  results  of  different  workers  were  difficult,  often  impossible,  to 
compare,  and  the  connection  between  theoretical  and  experimental  results  was 
tenuous  at  best.  Having  concluded  that  lack  of  appreciation  for  the  complexity  of 
the  problem  had  led  to  inadequate  experimental  control  and  monitoring  in  earlier 
work,  we  undertook  the  task  of  designing,  building,  and  testing  a  ruby  laser 
damage  test  facility  capable  of  obtaining  experimental  data  under  carefully  con¬ 
trolled  and  fully  monitored  conditions.  A  detailed  description  of  this  facility  was 
given  in  a  previous  report  (Tech.  Report  No.  1).  The  present  report  describes 
the  first  experiments  conducted  with  the  facility. 


Conclusions 


Measurements  with  fully  monitored  and  properly  controlled  i 
systems  yield  useful  data  concerninir  the  controlled  laser  damage 

components.  «°"‘=-ning  the  damage  properties  of  laser  system 


Laser  Induced  Danr>age  to  Mirrors 
of  Two  Pulse  Durations* 

Tt«knicW  RtMrt  N*.  2 
P«riod  31  Occtnlxr  1971  H  30  Jim*  1972 


1.  IMMOnrCTlON 

For  several  y«?ar*  an  effort  hat  been  underway  at  the  Air  Force  Cambrtdfe 
Reiearch  Laboraloriet  to  perfect  a  mode-locked  ruby  later  tyttem  capable  of 
reliably  producing  tingle  tubnanotecond  pulaea  with  a  tmooth  and  radlatty  tym* 
metric  energy  denalty  profile  and  enough  energy  to  damage  dlrtecirle  materUla 
with  apot  titet  larger  than  0.  1  mm.  Such  a  tyttem  It  now  in  ute  and  la  daterlbed 
In  deUll  In  earlier  pubileattona  (Bttta  and  7. .tarn,  1071;  Milam,  iril).  Tb 
complement  the  mode-locked  tyttem  and  to  faclllkite  experlmmlal  Identification 
of  the  laaer-Induced-dtmage  mechanUma  by  dctermtnaUcm  of  their  pwlae  dwrwHon 
dependence  miltt.  10701,  a  tlandard  Q-twllched  niby  later  tydrm  hat  atao  been 
conalructed  which  meeta  the  tame  retlabillty,  radul  energy  dtaaritmtton,  and 
total  ene.gy  re^lremenle  and  opera  tea  In  a  tingle  longitodiml  a*  well. 

Figure  1  contalna  block  diagram*  of  both  ayatem*.  Thla  report  deecribe*  taaee 
Indeed  damage  mraaurementa  performed  on  nine  eommercially  prodoeedl  igeltc^tc 
mlrrora  uaing  theae  two  laaera. 

(fteceleed  for  pwbitcation  15  July  IP73) 

*  Thta  reaenreh  •**  aiipporled  >oinUy  by  tthe  Air  Forte  and  •»*  Adranted 
neaearch  Frojecta  Agency  of  the  t>e^rlment  of  Defenae. 
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Flpirc  1.  Block  Diagrams  of  thw*  Laser 
Sjrslems 


^  LMr*  ih»im;i:momtowm;  apparuus 

Mranlnfful  User-lnduccd-damagc  experiments  demand  precise  character- 
le.allon  of  ttir  laser  pulse  causing  the  damage.  Accordingly,  each  pulse  is 
scruiinltr<l  In  unprecedented  detail. 

1.1  %•(*•  Moallorins 

Figure  2  Is  a  schematic  diagram  of  the  monitoring  apparatus  for  experiments 
using  Q-swItched  pu!’  -s.  The  beam  enters  from  the  left  and  passes  through  two 
beam  splitters.  The  first  one  deflects  a  portion  of  the  beam  to  a  fast  diode  which 
drWes  a  Tektronix  4r.4  oscilloscope  and  provides  a  filmed  record  of  the  temporal 
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Figure  2.  Monitoring  Apparatus  for  Damage  Experiments  with  Q-SwUched 
Pulses 
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development  of  each  pulse.  The  second  beam  splitter  directs  a  known  fraction  of' 
the  beam  to  an  EG&G  radiometer,  which  is  used  to  determine  the  energy  of  each 

pulse.  ‘  I  , 

The  beam  then  passes  through  a’50-cm  foiial-length  lens'and,  except  for  a 
;  small  portion,  is  focused  onto  the  damage  sample.  When  tlie  test  sample  is  a  high 

reflectivity  mirror,  the  path  shown  beyond  the  sample  is  not  used,  and  the  mirror 
i  is  tipped  very  slightly  to  avoid 'direct  reflections  back  to  the  amplifier.  The  small 

reference  beam,  which  is  split  off  after  the  focusing  lens,  is  identical  to  the  damaging 
beam  except  for  its  energy  content  and  it  can  be  utilized  for  rhonitoring  the  focused 
radial  energy  distribution  as  follows:  A  calibrated  reticle  is  inserted  in  the  refer¬ 
ence  beam  in  the  plane  corresponding  to  the  mirror  surface  in  the  main  beam.  An  ' 
imaging  lens  is  then  placed  such  that  the  reticle  i^  imaged  onto  the  film  in  the 
multiple-exposure  level  camera  (Burnl^m,  1970).  For  ruby  lasers  Polaroid  film 
Type  55  is  ideal  since  it  provides  a  positive  fon  visual  examination  and, a  negative  ^ 
for  densitometer  analysis.  The  piagnification  of  the  imaging  system  is  determined 
by  photographing  the  reticle  with  0.  69  fim  light.  Then! the  reticle  is, removed  and 
the  camera  now  records 'the  radial  energy  density  profile  of  each  pulse  in  the  ' 
damage  plane.  Examples  of  such  photographs  will  be  discussed  in  Section  3.  1.  2.  ’ 

!  j  . 

'  1 

2.2  Mode-Locked  System  Monitoring  , 

I  .  . 

Figure  3  is  a  schematic  diagram  of  the  monitoring  apparatus  fOr  experiments 
using  mode-locked  pulses  (Bliss  and  Milam,  1972).  The  principal  features  are 
the  same  as  for  the  Q-switch  pulse  monitoring  system,  but  there  are  spme  dif¬ 
ferences.  The  focusing  is  done  by  a  lens  pair  wh6se  effective  focal  length  can  be  , 
varied  by  changing  the  lens  spacing  (ah  effective  focal  length  of  approximately  1  m 
was  used  for  all  the  measurements  reported  in  thi^  paper).  Both  an  EG&G  radio-  i 
meter  and  a  Quantronix  500/504  calorimeter/ energy-meter  are  used  for  energy 
measureiiUnt.  Although  the  calorimeter  is  filocked  when  a  high  reflectivity 

j  i 

'  MOLTtPLf 


Figure  3.  Monitoring  Apparatus  for  Damage  Experiments  with  Subnanosjecond 
Pulses 
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picked  off  at  th-  pi  Ise  selector  (Bliss  a  1  iw-i  ^  oscillator  output  is 

the  dotted  pa  th  in  r’igure  3  One  T  ®l°"g 

Just  ahead  of  the  focusing  optics  and""  IT 

to  display  it  between  pulses  in  the  oscillat  ^  appropriate 

^th  to  the  diode  is  for  monitoring  the  pulsTaft^r  pLlat^thr'^h 
damage  sample  and  is  not  used  for  mirror  studies  "  transparent 

The  radial  energy  distribution  in  the  damaix^  nia  ,  • 
exposure  camera  by  a  lens  pair  instead  of  single  lens"^  Th^^^r'^ 
to  be  well  removed  from  the  samni.  ^*^«t  lens 

different  planes  and  changing  magniraL"'At":°o 

system  the  energy  density  nrofil  •  fk  Q-switched  monitoring 

S  ana  so  no  reference  sample  is  required. 

3.  OUTPUT  PROPERTIES  OF  THE  LASERS 

3.1  Q-Switched  SyBletn 

3.  1.  1  TEMPORAL  PROFILE 

trace!  TTT  TIZTTTT'''  -ode  oscilloscope 

y  p  cially  integrating  over  the  whnio 

’  guarantee  that  the  temporal  development  of  the  pulse  is  the"!a"  ^ 

beam  (DeShazer  and  Parks  197  n  t  ..  P  -  the  same  over  the  v/hole 

ideal  temporal  behavior  off  the  beam  ax”^  whether  deviations  from 

-u, 

mirror  of  the  Q-switched  oscillator  was  rotated  hv  a  , 

•ixis  after  each  shot.  After  appronriat  ^  vertical 

directed  into  the  multiple  exposure-levlllrrlti^^^^^^ 

was  photographed  in  turn.  Figure  4a  shows  th  ,  ^"d  each  shot 

‘Bare  ^a  shows  the  results. 

r 

tipped  to  ,he  right.  „hila  t  e  nho  1  Y  "  «■' 

tip .  tp.  wt.  ^hen  the  ::;r  pTj:  t:::::  r 

(Figure  4b,  right)  and  through  a  vertically  dianl  a  •  °  pmhole  on  axis 

the  mirror  position  giving  no  detectable  tto  15, h  7  "  '  '°P 

temporol  profile  Is  found  to  be  considerably  dlffer^m  fro” ‘ta,’' 

Phoeess  IS  „o„  repeated  tor  mirror  rotations  about  tirZllr  aX  nrer. 
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with  4 -sec  rotations  being  made  until  the  spot  Is  no  longer  elongated  but  round 
as  for  the  far  right  mirror  posltlw  of  Flguie  5a,  then  the  same  temporal  profile 
is  found  at  both  fdnholes. 

We  conclude  that  a  genuinely  round  output  from  the  Q-swltched  oscillator 
implies  uniform  temporal  behavior  over  the  whole  beam.  TyplcaUy  the  prepara¬ 
tions  for  a  scries  of  damage  tests  included  an  examlnatloo  of  the  oscllUtor  output, 
but  it  was  not  always  done  with  the  thoroughness  demonstrated  in  Figures  4  and  5. 
Consequontly,  it  is  quite  possible  that  some  of  the  measurements  to  be  described 
in  Sections  4  and  5  were  performed  with  pulses  vhcse  off-axis  temporal  behavior 
was  less  than  ideal.  The  effect  of  small  temporal  deviations  ofi-axis  on  the 
results  of  our  damage  tests  is  assumed  to  be  negligible. 

In  Figure  6  the  spacially  Integrated  temporal  pulse  profile,  as  recorded  by 
the  monitoring  apparatus  In  Figure  2,  has  been  compared  for  three  randomly 
selected  pulses  out  of  a  series  of  some  220  shots.  Pulse  No.  217  is  Indicated  by 
a  solid  curve  and  points,  measured  from  the  scope  traces  of  shots  11  (O)  and 
89  (□),  are  plotted  on  a  normalized  scale  which  forces  the  pulses  to  coincide  at 
their  peak  power  points.  The  fact  that  all  three  pulses  fall  on  essentUlly  the  same 
curve  demonstrates  the  high  degree  of  repeatability  obtained  In  the  temporal  shape 
of  the  pulse.  ■» 

3.  1.  2  SPACIAL  PROFILE 

Figure  7a  shows  two  examples  of  the  Q-swltched  pulse's  radial  energy  dis¬ 
tribution  in  the  damage  pUne  as  photographed  by  the  imaging  system  described 
In  Section  2.  1.  Each  pulse  produces  a  horizontal  line  of  spots  in  which  adjacent 
exposures  differ  by  a  factor  of  two.  The  microdensitometer  traces  of  three  con¬ 
secutive  shots  shown  In  Figure  7b  verify  the  impression,  gained  by  visual  examina¬ 
tion  of  the  photographs,  that  the  energy  density  varies  smoothly  wiUi  radius. 

Furthermore,  we  have  determined  by  constructing  energy  density  radius  cur\e» 
from  the  densitometer  traces  (Winer,  1966)  that  the  radial  dependence  of  the 
energy  distribution  is  Gaussian. 

3.2  Mode-I.orkrd  S)!<tnii 

3.  2.  1  TEMPORAL  CHARACTERISTICS 

The  mode-locl'ed  oscillator  produces  a  train  of  short  pulses  separated  by 
approximately  7  nsec,  f*^m  which  a  single  pulse  is  selected  for  amplification. 

In  Figure  8  oscilloscope  traces  of  four  consecutive  shots  show  the  mode-locked 
train  with  the  selected  pulse  missing  and  the  amplified  selected  pulse  displayed 
between  the  first  two  recorded  pulses  of  the  train.  The  extra  little  bump  appear¬ 
ing  j'lst  before  the  amplifier  pulse  In  the  bottom  three  traces  is  a  stray  reflection 
onto  the  diode  and  may  be  Ignored. 
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Hg-irc  8.  Spacull>  Integrated  Temporal  Profile  of  Three  Q-Switched 
Pulsea  from  a  Serb  >  of  220  ShoU:  eO)  Sh^i  II,  (O)  Shot  89, 

(  -  )Shol  217 


Figure  7.  (a)  Multiple  ^*xpo«ure- Level  Photogrmpha  Showing  the  fUdUl  Energy 
Dlairr/ullon  In  the  Damage  Plane  for  Two  Q-Switched  Pulaea.  The  dimension  of 
the  fcale  marker  la  100  ^m,  (b)  MIcrodenaltometer  tracea  of  multiple  expoaure* 
level  photographa  for  three  conaecutive  Q*‘aw{tched  pulaea.  Adjacent  expoaurea 
on  each  trace  differ  by  a  factor  of  two 


iinV  1^'  t,°f  n  I’^our  Consecutive  Firings  of  the 

Modt-l^cked  Huby  Laser.  The  selected  pulse  is  missing  from  the 
train  Just  to  the  right  of  the  center,  and  after  amplification  it  is  dis¬ 
played  between  two  early  pulses  of  the  train  at  the  left 


Hguie  0.  (.1)  ^‘.ultiple  exposure- Level  Photographs  Showing  the  Radial 

energy  Distribution  in  the  Damage  Plane  for  Three  20-psec  Pulses. 

T»ie  dimension  of  the  scale  marker  is  1  mm.  (b)  Microdensitometer 
traces  of  multiple  exposure- level  photographs  for  three  consecutive 
2()^-psec  pulses.  Adjacent  exposures  on  each  trace  differ  by  a  factor  of 
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The  duration  of  the  mode-locked  pulses  generated  by  the  oscillator  has  been 
estimated  from  time-integrated  two-photon  fluorescence  photographs  to  be  ap¬ 
proximately  20  psec.  To  check  for  the  possibility  that  Uie  pulse  duration  changes 
during  amplification  or  that  pulses  from  different  part^  of  the  pulse  train  have  dif¬ 
ferent  durations,  two-photon  measurements  of  single  amplifier  pulses  are  pUnned, 
but  have  not  yet  been  accomplished.  Even  without  such  measurements,  however.  ’ 
it  Is  known  from  the  Impulse  response  of  the  dlode-oscUloscope  combination  that’ 
the  pulse  duration  of  the  amplified  pulses  Is  less  than  100  psec.  For  the  case  of 
pulses  selected  from  properly  locked  trains,  the  amplified  pulse  r.lways  gives  the 
same  Impulse  shape  scope  response  as  the  oscillator  output. 

3.2.2  SPACIAL  PROFILE 

The  examples  of  focused  radUl  energy  density  profiles  for  single  mode-locked 
pu’aes  shown  In  Figure  9  are  similar  to  those  shown  for  Q-swltched  pulses  In 
Figure  7.  Since  the  pronounced  spike  appearing  on  the  left  side  of  the  first  exposure 
In  the  bottom  trace  does  not  appear  in  the  adjacent  exposure.  It  is  not  an  Intensity 
spike  In  the  beam  and  must  be  Identified  as  a  spot  or  a  scratch  on  the  film.  Con¬ 
struction  of  energy  density  radius  curves  from  these  densitometer  traces  reveals 
some  small  departures  from  a  true  GaussUn  profile.  The  errors  In  dar.  age 
threshold  resulting  from  treating  the  profile  as  Gaussian  are  small,  however, 
compared  with  the  uncertainty  already  existing  In  total  energy  measurement. 


1.  MIIIKOR  DWIAr.K  EXl'KKIMKVTS 


Using  the  lasers  and  monitoring  techniques  described  above,  experiments 
have  been  conducted  on  nine  mirrors  from  five  manufacturers.  Basic  information 
about  the  mirrors  is  given  In  Table  1. 


Table  1.  Mirrors  Used  for  Damage  Tests 
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4.1  Observablo  Features  of  the  Damage  Sites 


When  viewed  under  an  optical  mieroecope  at  a  magnification  of  thirty,  the 
rnoat  frequently  observed  form  of  damage  lias  the  appearance  of  one  or  more 
bright  rings  having  the  same  shape  as  the  beam's  radial  energy  density  profile. 
Sometimes  one  or  more  r->ndomly  located  bright  spots  are  observed  within  this 
overall  pattern.  Examination  of  such  sites  in  a  scanning  electron  microscope 
reveals  considerably  more  detail.  In  Figures  10  and  11  the  ring  appearance  is 
seen  to  be  caused  by  a  step  Inside  of  which  one  or  tr  ore  of  the  quarter“wave  layers 
have  been  vemoved.  Since  the  sample  Is  viewed  from  an  angle  in  a  scanning 
electron  microscope,  the  round  damage  site  appears  to  be  compressed  along  the 
vertical  axis.  Figure  12  is  a  close-up  view  of  the  bright  spot  seen  below  and  to 
the  left  of  center  i-.  Figure  10.  Since  the  position  of  this  spot  does  not  correspond 
to  the  position  of  maximum  Intensity  in  the  beam,  it  is  probably  the  result  of  a 
local  absorbing  center  or  other  small  scale  mirror  defect. 

The  photographs  just  described  show  damage  sites  caused  by  Q-switched 
pulses,  but  the  physical  characteristics  of  sites  damaged  by  single  mode-loeked 
pulses  are  similar.  In  Figures  13,  14,  and  15,  for  example,  the  seme  overall 
pattern  of  well-defined  rings  with  a  randomly  located  little  crater  is  observed. 

In  Figures  16  and  17  a  tendency  toward  smaller  damage  sites  and  removal  oi  fewer 
layers  is  observed  for  less  energetic  pulses.  Figure  16  also  Illustrates  the  fact 
that  the  transition  from  one  layer  to  the  next  is  not  always  a  well-defined  step. 
Since  the  energy  density  profile  of  this  pulse  in  the  plane  of  the  mirror  is  observed 
to  be  a  smooth  function  of  radius  on  the  multiple  exposure-level  photograph  taken 
during  the  experiment,  the  irregular  pattern  of  materlsil  removal  in  the  central 
region  of  this  site  suggests  a  degree  of  inhomogeneity  in  the  coating  Itself. 

In  contrast  to  the  damage  site  characteristics  otscribed  above,  the  affected 
areas  on  some  mirrors  appear  under  the  optical  mieroecope  to  be  made  up  of  a 
large  number  of  closely  packed  scattering  sites.  Two  examples  of  this  type  of 
damage  are  given  in  the  lower  right  portion  of  Figure  18.  This  mirror  (E-1)  has 
a  generally  high  density  of  scattering  centers  evt  t  in  areas  not  exposed  to  User 
radiation,  but  it  is  not  yet  established  whether  they  contribute  to  the  characteristics 
of  the  damage  sites  themselves.  The  sites  just  described  are  produced  by  20-peee 
pulses  and  the  ring  type  sites  on  the  same  mirror  in  the  upper  lialf  of  the  figure 
are  produced  by  20-  nsee  pulses.  For  mirror  B-1  just  the  opposite  is  found; 

20  psee  pulses  produce  rings  and  20-nsec  pulses  produce  scattering  centers. 
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Figure  10,  Scanning  Electron  Microscope  (SEM)  Photograph 
of  a  Damage  Site  Produced  by  a  Q-Switched  Pulse.  Tlie  site 
dimension  is  250  Mm  from  left  to  right 


Figure  11,  SEM  Photograph  of  the  Edge  of  a  I>amag*.  Site. 
The  entire  photo  is  57  pm  wide 
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Figure  13.  SEM  Photograph  of  a  Damage  Site  Produced  by  a 
20-p8ec  Pulse.  The  width  of  the  photo  is  436 
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Figure  14.  SEM  Photograph  of  the  Steps  Seen  in  Figure  13.  The 
width  of  the  photo  is  180  fim 
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Figure  15.  SEM  Photograph  of  the  Bright  Spot  to  the  Right  of 
Center  ir  Figure  13.  The  width  of  the  photo  is  18  pm 
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Figure  16.  SEM  Photograph  of  a  Site  Damaged  by  a  Less  Energetic 
20-psec  Pulse.  An  irregular  pattern  of  material  removal  is 
evident  in  the  central  portion.  The  width  of  the  photo  is  4  36  Mm 


Figure  17.  SEM  Photograph  of  a  Damage  Site  Produced  by  a 
20-psec  Pulse  Having  an  Energy  Density  only  Slightly  Above 
Threshold.  The  width  of  the  photo  is  98  Mm 


Figure  18.  Optical  Microscope  Photograph  of  Scattering  Site  Type  of 
Damage  (lower  row)  Caused  by  20-psec  Pulse  on  Mirror  E-1,  for 
Which  Q-Swltchcd  Pulses  Produced  Mostly  lUng  Type  Damage  (upper 
row).  The  spacing  between  the  two  sites  in  the  right  side  of  the  lower 
row  is  1  mm 


1.2  Kffrrts 

Even  when  examination  under  the  optical  microscope  reveals  no  obvious 
damage  on  a  mirror,  fogging  the  coating  with  one*s  breath  often  reveals  clear 
evidence  that  the  radiation  has  alter  d  the  surface  in  some  way.  The  microscope 
photos  (a)  and  (b)  In  Figure  19  UIuj  .ate  this  point.  A  striking  feature  of  this 
effect  is  that  an  area  much  larger  than  the  otherwise  detectable  damage  region  is 
affected.  In  (c)  and  (d)  of  Figure  19,  for  example,  a  region  many  times  larger 
than  the  beam  itself  has  different  fogging  properties.  To  some  extent  the  effect 
is  temporary  as  evidenced  by  the  difference  in  appearance  of  the  20 -hour  old 
sites  and  the  1-hour  old  sites. 


19.  Optical  Microscope  Photo^jraphs  of  (a)  a  Damaf,a'cl  Unfofjgcd  Mirror, 
(b)  the  Siime  Mirror  After  Kofjging  with  I^reath,  (c)  and  (d)  Higher  Magnification 
View  of  Some  Sites  Which  Were  Damaged  Twenty  Hours  Before  the  h'ogged 
Photograph  and  One  Hour  Before  the  Photograpli  lU'spectively 
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An  obvious  difference  between  the  Q-sw itched  and  mode -locked  damage 
measurements  is  that  no  detailed  analysis  can  be  made  of  the  temporal  profile  of 
the  20-psec  pulse.  Any  pulses  longer  than  about  100  psec  can  be  rejected  on  the 
basis  of  the  519  trace,  however,  as  can  shots  giving  a  double  pulse  or  a  poorly 
locked  train. 

4.4  Variation  of  Damage  Site  Diameter  with  Energy  Density 

•A  convenient  way  to  display  the  nxirror  damage  data  is  on  a  plot  of  damage  site 
diameter  vs  the  pulse  energy  density  on  axis.  Figure  20  shows  such  a  plot  for  the 
Q-switch  pulse  '^’amage  tests  on  mirror  A-4.  For  low  enough  energy  densities  no 
evidence  of  damage  is  found  (O).  For  energy  densities  above  30  or  35  J/cm^  some 
randomly  located  small  scattering  centers  are  created,  but  there  is  no  well-defined 
pattern  to  which  a  diameter  can  be  assigned  (A).  Finally,  for  energy  densities 
above  about  45  J/cm^  well-defined  damage  sites  develop  with  diameters  that  are 
larger  for  more  energetic  pulses. 

From  such  data  two  kinds  of  thresholds  can  be  defined,  the  "practical  damage 
threshold"  below  which  no  damage  is  caused  by  a  single  shot  and  a  higher  idealized 
threshold,  a  "perfect  coating  threshold",  below  which  damage  seems  to  be  associated 
with  local  flaws  of  some  sort  rather  than  W'th  inherent  coating  limitations.  In 
Figure  20  the  curve  through  the  data  is  drawn  to  intersect  the  density  axis  at  a 
point  corresponding  to  the  practical  threshold.  A  curve  drawn  through  the  perfect 
coating  threshold  would  Intersect  the  axis  at  about  45  J/cm^  and  rise  more  steeply 
to  pass  through  the  remaining  data  points. 

,  The  simplest  assumption,  which  predicts  an  increase  of  site  diameter  with 
energy  density  on  axis,  is  that  a  coating  damages  only  out  to  the  radius  at  which 
the  energy  density  drops  below  some  critical  value.  The  Gaussian  energy  distri¬ 
bution  function  can  be  solved  for  the  diameter  at  which  a  given  critical  energy 
derisity  is  reached  as  a  function  of  the  on-axis  energy  density.  The  resulting  curve 
is  Included  in  Figure  20  for  a  threshold  value  of  30  J/cm  .  This  curve  does  pass 
through  two  of  the  measurable  -  site  data  points  but  falls  well  below  the  data  at 

o 

higher  energies.  A  similar  curve  for  a  threshold  of  45  J/crii"^  would  completely 
miss  the  data. 

Plots  of  measured  site  diameter  vs  Q-sw  itched  on-axis  energy  density  for  six 
of  the  nine  mirrors  are  shown  (without  data  points)  in  Figure  21.  The  curves  are 
drawn  to  cross  the  axis  at  the  practical  damage  threshold,  and  in  general  the  per¬ 
fect  coating  threshold  is  higher  as  seen  in  Table  2.  All  of  these  curves  show  damage 
sites  that  are  larger  at  high  energy  than  predicted  by  the  simple  constant-energy 
density  assumption  discussed  above. 
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Table  2.  Mttsurcd  Threehold  Values 


Mirror 

Threshold  at  20  psec^*^ 

ThrMhold  at  23  naec^^ 

2 

J/cm  on  axis 

J/cm^  on  axis 

2 

J/cm  on  axis 

A-l 

1.0 

43 

46 

A -4 

2.2 

30 

46 

A-0 

- 

- 

20 

C-1 

1.8 

JO 

30 

D-1 

1.0 

33 

38 

C-4 

1.0 

23 

31 

C-7 

1.8 

58 

60 

E-1 

2.0 

47 

47 

B-1 

0.6 

10 

24 

(a)  For  the  modc*lockcd  pulse  the  beam  diameter  at  hail  the  on-axis 
energy  density  is  107  pm. 


(b)  For  the  Q-switchcd  pulse  the  beam  diameter  at  half  the  on-axis 
energy  density  is  130  pm. 


Plotting  the  data  from  damage  teats  with  single  mode-locked  pulses  gives 
similar  curves.  There  are  some  notable  dllfererf  es,  however.  First,  all  of  the 
detected  damage  sites  have  measurable  diameters,  eliminating  the  distinction 
between  the  two  threshold  definitions  discussed  above.  Second,  a  sharp  rise 
in  the  curve  immediately  above  threshold  is  clearly  established  by  the  data  for 
most  of  the  mirrors.  Finally,  for  all  but  two  of  the  mirrors,  the  damage  sites 
are  smaller  at  high  energy  than  predicted  by  the  constant  energy  density  assump¬ 
tion.  These  differences  are  evident  in  Figure  22. 

Plots  of  m^sured  site  diameter  vs  the  on-axis  energy  density  of  the  20  psec 
pulse  for  seven  of  the  mirt%^rs  are  shown  (without  data  points)  in  Figure  23. 
Mirrors  D-1  and  C-7  are  exceptions  In  that  they  do  fit  a  constant  erergy  density 
curve  quite  well.  Tbble  2  summarizes  the  results. 

1.5  llrprfidmre  of  DiuoASr  Tliri*«)iold  on  Rnuo  ihmorirr 

To  determine  whether  the  observed  damage  threshold  for  20-psec  pulses 
measured  with  a  107 -pm  beam  diameter  can  be  meani::gfully  compared  with  the 
threshold  for  23-nsec  pulses  measured  with  a  130-pm  beam  diameter,  it  is  neces¬ 
sary  to  perform  damage  tests  over  a  range  of  beam  diameters  at  a  fixed  pulse 
duration.  The  results  of  such  an  investigation  for  mirror  A-6  with  23-nsec 
pulses  are  shown  in  Figure  24.  As  in  Figure  20  two  kinds  of  thresholds  are 
evident,  at  least  for  the  Urge  dUmeter  beams,  and  so  two  curves  are  drawn. 


AxUi*for  Mlrre^A**!  ^*««J?i^^*****r  '^*  20-p«cc  Pulse  Eneriry  Density  on 
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FIfurc  24.  Q'SwItched  Damage  Threshold  vs  the  Beam  Diameter  at 
Half  the  On>Axta  Energy  Density  for  Mirror  A>6.  Shots  causing  no 
detectable  damage  are  indicated  by  (0),  those  causing  only  randotply 
located  small  scattering  centers  by  (6),  and  sites  with  weU>defined 
diameters  by  (•).  The  solid  curve  indicates  the  best  estimate  for 
the  variation  of  the  perfect  coating  threshold,  and  the  dashed  curve 
the  best  estimate  for  the  variation  of  the  practical  threshold 
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Figure  25.  Single  Pulse  Damage  Threshold  vs  Pulse 
Duration  for  Mirrors  A*1  and  A-4.  The  curves  are 
drawn  to  fit  the  functional  form  suggested  by  theoretical 
considerations  discussed  in  Section  5.4 
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4.7  Accuracy  and  Reproducibilily 

4.7.1  EXPERIMENTAL  ERRORS 

For  the  Q-switched  pulse  data  random  errors  ;;;3ToTercent  In 

beam  eUe  determination  can  lead  po,„„.  a,  ..en  In  Figure  2n, 
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miscalibration  of  the  energy  measuring  instrumen  ^  on  entirely  dlf- 

.om  the  calorimeter  and  ins«  of  Le 

ferent  physical  principles  experiments,  suggesting  that  this 

energy  ’  eaching  the  sample  in  percent  for  a  given  radiometer 

error  may  be  up  to  but  probably  does  not  exceed  20  percent  for  gl 

or  calorimeter  of  the  type  used  in  this  work. 
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4.7.2  MIRROR  VARIATIONS 

It  is  ImporUnt  to  observe  that  ordering  ten  mirrors  coated  with  specified 
dielectric  materials  from  a  particuUr  manufacturer  docs  not  guarantee  that  ten 
idriitical  mirrors  will  be  delivered.  The  thresholds  recorded  In  Table  2  for 
mirrors  A-1,  A-4,  and  A-6  and  C-4  and  C-7  illustrate  the  point.  Decisions 
concerning  the  relative  capabilities  of  several  manufacturers  should  not  be  based 
on  the  performance  of  a  single  mirror. 


3.  i'OS^ini.K  HWitilK  MKCiltMSMS 


S.l  i’alfofni  l.inriir  AbHorplIon 

Sufficient  linear  absorption  in  a  coating  can  heat  the  film  to  its  melting  point. 
However,  the  thermal  time  constants  for  conduction  losses  from  the  irradiated 
spot  on  the  film,  cither  radUlly  or  into  the  subf  tratc,  arc  expected  to  be  long 
compared  with  both  pulse  durations.  Thus,  a  unlfjrm  linear  absorption  model 
predicts  the  same  energy  density  threshold  over  the  whole  pulse  duration  range 
and  over  the  range  of  beam  diameters  tested  as  well.  Neither  prediction  agrees 
with  the  experimental  results  An  additional  observation  is  that  generally  the 
damage  looks  more  like  cracking  than  melting.  Of  course,  thermal  expansion 
resulting  from  linear  absorption  heating  can  cause  fractures  too,  but  for  this 
process  the  maximum  induceo  etress  occurs  at  1.  3  times  the  Gaussian  beam 
diameter  (the  stress  at  radius  r  Is  proportional  to  the  difference  between  the 
tttraln  at  r  due  to  expansion  of  the  material  at  smaller  rad'i  and  the  strain  which 
would  have  occurred  at  r  solely  due  to  the  local  temperat  ire  Increase  (llliss,  1970)). 
The  damage  sites  produced  near  the  threshold  energy  density  arc  consistently 
smaller  than  this. 

4.2  l.ornt  llrfrrln 

There  is  no  doubt  that  small  scale  local  defects  can  account  for  some  of  the 
damage  features  reported  here.  Figures  12  and  14  arc  examples  of  pits  believed 
to  be  caused  by  the  explosion  of  small  absorption  centers.  It  is  likely  that  for 
mirrors  exhibiting  a  large  difference  bctwi  en  the  practical  damage  threshold  and 
the  perfect  coating  threshold,  small  absorbing  centers  arc  causing  the  low  level 
damage.  Possible  defects  include  dirt,  incompletely  oxidized  coating  material, 
or  some  other  form  of  nonuniform  deposition.  The  decrease  of  practical  threshold 
with  Increasing  beam  diameter  may  be  related  to  the  Increased  likelihood  of  find¬ 
ing  a  defect  with  a  large  beam.  For  some  mirrors,  E-1  for  example,  the  density 
of  small  local  defects  is  so  high  that  each  one  may  provide  the  nucleus  for  a 


25 


small  damage  site,  and  many  such  smaU  sites  may  make  up  the  overaU  damage 
pattern.  • 


5.3  Surfftce  Plasna 

On  most  shots  which  cause  detectable  damage  a  spark  can  be  seen  at  the 
damage  site.  When  a  spark  is  not  seen  on  damaging  .hots,  the  damage  is  small 
an  the  spark  may  just  be  too  weak  to  be  detecUble  by  an  observer  looking  through 
protective  goggles.  In  any  event,  we  believe  the  spark  accompanies  the  principal 
mage  event  (Gluliano,  1972)  rather  than  causing  it,  although  the  large  area 
which  is  seen  to  have  been  affected  when  U.e  coating  is  fogged  may  be  an  indication 
or  some  secondary  plasma  effect  (Boling,  1972), 

S.4  EInciron  Avalanche 

(Bliss. 

1970).  First,  the  Intensity  must  be  high  enough  that  conduction  electrons  gain 
energy  from  the  laser  radiation  faster  than  they  lose  it  to  the  Uttice.  Second,  the 
laser  energy  density  must  be  high  enough  to  create  a  critical  number  of  conduction 
electrons  within  the  duration  of  the  pulse.  TTierefore.  for  very  short  duration 
^Ises  the  limiting  quantity  is  energy  density  while  for  long  pulses  it  is  intensity. 

e  straight  line  segments  of  the  curves  In  Figure  25  are  drawn  through  the  data 
points  with  the  appropriate  pulse  duration  dependence  to  give  constant  energy 
density  and  constant  intensity  thresholds. 

If  this  mechanism  is  operating  for  the  20-psec  pulse  damage,  the  intensity 
criterion  is  exceeded  by  a  factor  of  about  fifty,  meaning  that  the  electrons  gain 
energy  from  the  field  much  faster  than  they  can  transfer  it  to  the  Uttice  leav  ing 
many  of  the  electrons  to  lose  their  energy  to  the  Uttice  after  the  User  pulse  has 
ceased.  For  the  20-nscc.  pulses,  on  the  other  hand,  the  transfer  of  energy  to  the 
lattice  proceeds  essentially  instanUneously  on  the  time  scale  of  the  pulse,  and  the 
physical  destruction  of  the  coatings  probably  sUrts  before  the  pulse  is  over  This 
tesio  difference  in  timing  may  have  something  to  do  with  the  tendency  for  sites 
maged  by  Q-switched  pulses  to  be  Urger  than  expected,  that  is.  there  may  be 
enough  energy  transmitted  to  larger  radii  by  electron  diffusion,  acoustic  propaga- 

tion.  or  some  other  means  during  the  pulse  that  less  User  intensity  is  required  to 
cause  damage  there.  ^ 

If  the  main  effect  of  conduction  electrons  is  to  heat  the  Uttice,  then  the  stress 
induced  by  thermal  expansion  could  damage  the  coatings  as  described  in  Section  5.  1 
But  now  the  amount  of  heating  ac  a  particuUr  point  on  the  mirror  is  proportional  to 

ITT  TT  -uch 

mailer  than  1.  3  tbnes  the  GaussUn  dUmeter  are  expected  near  threshold.  TTiis  is 
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because  the  number  of  electrons  created  in  an  avalanche  process  Increases 
exponenttal  y  wilh  some  power  of  the  electric  field  (Bliss.  1970)  giving  an 

electron  distribution  that  fails  much  more  steeply  with  increasing  radius  than 
the  laser  intensity  profile. 

The  dependence  of  threshold  on  beam  diameter  is  qualitatively  what  is  pre¬ 
dicted  by  a  probability  formulation  of  electron  avalanche  theory  (Bass  and  Barrett, 
1972),  namely  that  the  probability  for  finding  "lucky  electrons"  Increases  and  the 

Intensity  needed  to  achieve  a  given  probability  for  damage  decreases  for  larger 
beams. 

Some  of  the  arguments  in  Section  5. 4  are  admittedly  speculative.  Further 
work  is  necessary  to  put  the  discussion  on  firmer  ground. 
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